Heat shock proteins (Hsps) are highly conserved molecular chaperones that are synthesized in response to stress. In this study, we cloned the full-length sequences of the Grp78 (glucose-regulated protein 78), Hsp70, Hsp90, and Hsp40 genes from the Chinese rice grasshopper Oxya chinensis. The full-length cDNA sequences of OcGrp78, OcHsp70, OcHsp90, and OcHsp40 contain open reading frames of 1947, 1920, 2172, and 1042 bp that encode proteins of 649, 640, 724, and 347 amino acids, respectively. Fluorescent realtime quantitative PCR (RT-qPCR) was performed to quantify the relative transcript levels of these Hsp genes in different tissues and developmental stages. The mRNAs encoding these four Hsp genes were present at all developmental stages and in all tissues examined but were expressed at varying levels. Additionally, we investigated the mRNA expression profiles of these four Hsps in O. chinensis subjected to Cadmium (Cd) stress. OcGrp78, OcHsp70, OcHsp90, and OcHsp40 mRNA expression was induced under acute Cd stress; the levels reached a maximum within a short time (6 h), were reduced significantly at 12 h, and were lowered to or below control levels by 48 h. Regarding induction efficiency, OcHsp70 was the most sensitive gene to acute Cd stress. Chronic Cd exposure showed that dietary Cd treatment induced increased OcGrp78, OcHsp90, and OcHsp40 expression. However, dietary Cd induced a significant reduction of OcHsp70 expression. In the period tested, no significant difference in the mortality of the grasshoppers was observed. Our results suggest that these four Hsps genes, especially OcHsp70, are sensitive to acute Cd stress and could be used as molecular markers for toxicology studies. However, our results also indicate that OcHsp70 is not suitable for use as a molecular marker of chronic Cd contamination.
Introduction
Heat shock proteins (Hsps), or stress proteins, are a group of conserved proteins that are synthesized by organisms upon exposure to environmental stressors, including heat shock, radiation, pesticides, metal, and other environmental contaminants. As molecular chaperones, Hsps play an essential role by assisting in the correct folding of proteins to maintain cellular homoeostasis under stress conditions [1] [2] . Hsps can be categorized into five families, which are named according to their molecular weights, conserved sequences, and molecular functions: Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and the small Hsps [3] . Eukaryotes have multiple Hsp70 family members that are located in the lumen of the endoplasmic reticulum (e.g., glucose-regulated protein 78, Grp78) and in the cytoplasm, including constitutive heat shock cognate 70 protein (Hsc70) and inducible Hsp70 [4] . Hsp gene expression is widely accepted as a suitable molecular indicator of adverse biological effects because Hsps respond to minor environmental stress and are evolutionarily conserved [5] [6] . Therefore, much of the research on cellular responses to metals and other pollutants has focused on Hsps, especially Hsp70 because of its high conservation and sensitivity to stress factors [6] [7] [8] [9] [10] .
Cadmium (Cd) is produced as a result of industrial and agricultural processes and is a highly toxic metal to many organisms; therefore, recent research has focused on the toxicology of and the molecular response mechanism to Cd. Cd is best known as a widespread pollutant that can have harmful effects on human health. Cd accumulates through the food chain or respiratory system due to both natural and factitious release into the environment. Metal accumulation can affect many physical and biochemical processes in living organisms, including the effects of Hsp responses to metal [11] [12] [13] .
Oxya chinensis (Orthoptera: Acridoidea) is widely distributed in China and is an important agricultural rice pest. Metals in the agricultural environment can transfer into the bodies of grasshoppers through the food chain. Our previous studies have shown that Cd accumulates in grasshoppers, inducing antioxidant enzyme activity and metallothionein (MT) expression to resist its toxic effects [14] [15] [16] [17] . However, studies on the effects of Cd in grasshoppers at the molecular level of Hsps have not been reported.
The present study aimed to clone and identify four full-length cDNAs of Hsp genes (Hsp70, Grp78, Hsp90, and Hsp40) from O. chinensis. We then analyzed the expression patterns of these four Hsp genes in different tissues and at different developmental stages. We also investigated the temporal expression profile of Hsp mRNAs in O. chinensis following Cd injection. Finally, we analyzed the mRNA expression patterns of Hsp genes in O. chinensis fed Cdinfected wheat seedlings.
Materials and Methods

Insect and tissue collection
O. chinensis eggs were collected from the area surrounding Jinyang Lake, Shanxi Province, China in October 2011. The eggs were incubated in a growth chamber (MGC-350NR2, Shanghai, China) at 26±1°C and 60% relative humidity (RH) with a 14:10-h light:dark (L:D) photoperiod. After hatching, insects were reared on fresh wheat seedlings. Tissue samples (brain, epidermis, foregut, midgut, gastric caeca, hindgut, Malpighian tubule, and fat body) were collected from 5th instar nymphs. Eggs that had not started hatching and whole bodies of 1st-5th instar nymphs and adults were collected to analyze the stage-specific distribution of Hsp genes at day 3 of each stage. We explicitly confirmed that no specific permissions were required for these locations and activities and that the field studies did not involve endangered or protected species.
RNA isolation, cDNA synthesis, and degenerate PCR Total RNA was extracted from the samples using TRIzol (Invitrogen, USA) according to the manufacturer's instructions. cDNA was synthesized by reverse transcription in 25 μL reactions containing 1 μg of total RNA, 40U RNase inhibitor, 1 μL dNTP mixture (10 mM), 1 μL Oligo d (T) 18 primer (500 ng μL -1 ), and PrimeScript reverse transcriptase (TaKaRa, Japan) at 42°C for 1 h. The reaction mixture was stored at -20°C. Primers were designed using Primer Premier 5.0 based on published sequences in other insects (Table 1) . Degenerate PCR was conducted using Taq DNA Polymerase (Tiangen, Beijing, China) with a reaction volume of 25 μL. Fragments were purified using a Gel Extraction Mini Kit (Tiangen, Beijing, China), cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA) and then sequenced.
Rapid amplification of cDNA ends (RACE)
cDNA was synthesized using the SMART RACE cDNA amplification kit (Clontech, USA) according to the manufacturer's instruction. For amplification of the 3' and 5' end cDNA sequences, the SMART RACE cDNA amplification kit (Clontech) was used according to the manufacturer's protocol. Amplified products from each reaction were purified using a Gel Mini purification kit (Tiangen), and the isolated amplification products were quantified, subcloned into the pGEM-T Easy vector (Promega) and then sequenced.
Sequence characterization and alignment
Open reading frame (ORF) prediction and cDNA translation into amino acid sequences were performed using the translation tool in ExPaSy (http://www.expasy.org/tools/dna.html). The molecular mass and isoelectric points (pIs) were predicted based on the amino acid sequences. The deduced amino acid sequences of the Hsp genes in O. chinensis (OcHsps) were compared with those Hsp sequences in other insects deposited in GenBank using the 'BLAST-N' tools available on the National Center for Biotechnology Information (NCBI) website and GENE-DOC software (Nicholas et al., 1997). A phylogenetic tree was constructed by MEGA 5.0 using the neighbor-joining method.
Cd treatment
Acute Cd treatment. Healthy and uniform 5th instar nymphs were selected for acute Cd treatment. To examine the induction profile of OcHsps at different time points, the nymphs were exposed to Cd for 48 h and sampled at set intervals. A Cd concentration of 2.7 mgÁkg -1 was used to avoid increased mortality with prolonged treatment. To examine the induction profile of OcHsps at different Cd concentrations, 5th instar nymphs were exposed to different doses of Cd and sampled after 6 h. The concentrations used were 2.7, 5.4, and 10. 
Quantitative real time PCR (qPCR)
A qPCR assay was carried out to examine the Hsp gene mRNA levels; the primers used are shown in Table 1 . qPCR was performed using an ABI 7300 real-time PCR detection system (ABI, USA) and Maxima SYBR Green qPCR Master Mix kit (TaKaRa, Dalian, China). The relative Hsp gene mRNA levels were assessed using the following cycling parameters: an initial denaturation at 95°C for 3 min followed by 40 cycles of 95°C for 20 s, 55°C for 20 s and 72°C for 20 s. After PCR, the homogeneity of the PCR product was confirmed by melting curve analysis. β-actin was used as an internal control, and the ratios of Hsps/β-actin mRNA expression were calculated. The fold changes in all experiments were calculated according to the 2 -ΔΔCt method [18] . qPCR was repeated three times for each gene. Each replication comprised two technical replicates.
Statistical analysis
Statistical analyses were carried out using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). The SPSS program was used for the statistical analysis of differences in mRNA expression by analysis of variance (ANOVA). The differences among means were determined using Duncan's multiple comparison, and the significance level was set at P < 0.05.
Results
Analysis of cDNAs and the deduced amino acid sequences of OcHsps
The cDNA and protein characteristics of four Hsp genes are shown in Table 2 . Classical HSP protein signature motifs, including IDLGTYYS (aa 9-16), IFDLGGGTFDVSIL (aa 197-210), and IVLVDDSTRIPKIQA (aa 335-349), were found in OcHsp70. The ATP/GTP-binding site AEAFLGGQ (aa 131-138), the non-organellar consensus motif RARFEEL (aa 300-306), and the conserved cytosolic EEVD motif in the C-terminus were also observed in OcHsp70 (S1 Fig) . 
Phylogenetic relationship of OcHsps with those in other insects
To investigate the relationship of Hsp genes in O. chinensis with those in other insects, a phylogenetic analysis of their deduced protein sequences was performed using the neighbor-joining method and based on their sequences in other insects obtained from GenBank. that OcGrp78, OcHsp70, OcHsp90, and OcHsp40 genes belong to the Hsp70, Hsp90, and Hsp40 families, respectively. The amino acid sequences of OcHsp70, OcHsp90, and OcHsp40 are closest to the sequences obtained for Orthoptera insects. The amino acid sequence of OcGrp78 was closest to that of Grp78 in Locust migratoria. Our analysis also placed the Grp78 sequence in a group containing Hsc70-3 from other insects.
mRNA expression of OcHsps in tissues not challenged with Cd
OcGrp78, OcHsp70, OcHsp90, and OcHsp40 mRNA expression was examined in several different tissues (Fig 2) . ANOVA showed that OcGrp78, OcHsp70, OcHsp90, and OcHsp40 mRNA expression is significantly different in different tissues (OcHsp70, P<0.001; OcGrp78, P = 0.001; OcHsp90, P<0.001; OcHsp40, P<0.001). OcGrp78 expression was highest in the fat body, followed by the Malpighian tubule and midgut, which was 9.13-, 4.1-, and 3.5-fold higher than the brain, respectively. Relatively high OcHsp70 expression was observed in the fat body and brain, followed by the Malpighian tubule and hindgut, whereas the lowest expression was found in the gastric caecum and midgut, which was only 4.3% and 1.9% of the brain expression, respectively. OcHsp90 expression was relatively high in the Malpighian tubule and fat 
body, was lower in the brain, gastric caecum, hindgut, and midgut, and was lowest in the foregut and epidermis. The order of relative OcHsp40 expression was the Malpighian tubule, followed by the fat body, hindgut, and brain, and then by the foregut, epidermis, gastric caecum and hindgut.
OcHsps mRNA expression at developmental stages when not challenged with Cd
The mRNA expression of these four Hsps at all developmental stages of O. chinensis is shown in Fig 3. An ANOVA showed that the relative mRNA expression of OcGrp78 was not significantly different (P = 0.09) at the various stages. However, OcHsp70, OcHsp90, and OcHsp40 mRNA expression was significantly different (OcHsp70, P<0.001; OcHsp90, P = 0.017; Table 3 .
doi:10.1371/journal.pone.0131244.g001
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OcHsp40, P<0.001) at the different developmental stages. The OcHsp70 transcript levels in 3rd and 4th instar nymphs were 11.6 and 11.5 times higher than in the eggs, respectively. Although the relative OcHsp90 and OcHsp40 mRNA levels differed over time, the changes in mRNA levels were similar. The mRNA levels of OcHsp90 and OcHsp40 increased from eggs to 4th instar nymphs but declined in 5th instar nymphs and adults.
The effect of acute Cd on OcHsps mRNA expression
As shown in Fig 4, OcHsp70 transcript levels began to increase 2 h after Cd treatment, reaching more than 6.2-fold those of the control at 6 h and followed by a rapid decrease at 24 h. OcGrp78 mRNA levels also reached more than 2.1-fold those of the control at 6 h, but the decrease in OcGrp78 levels occurred less rapidly than that for OcHsp70. OcHsp90 mRNA levels increased up to 4.9-fold those of the control 6 h after treatment. At 12 h, OcHsp90 levels decreased to approximately 2.0-fold those of the control, and these levels were maintained for 48 h. OcHsp40 expression increased to 2.0-fold that of the control until 24 h, followed by a decrease at 48 h. These results show that OcHsp70, OcGrp78, and OcHsp90 (but not OcHsp40) mRNA levels are highest after 6 h of exposure to 2.7 mgÁkg -1 Cd.
The above results show that the expression of all the examined Hsp genes, except for OcHsp40, reached their highest levels at 6 h. To evaluate changes in Hsp gene transcript levels with different Cd concentrations, mRNA levels were analyzed by qPCR in control 5th instar nymphs and 5th instar nymphs exposed to different Cd concentrations for 6 h. As shown in Fig 5, OcHsp70 expression was increased to 7.8-, 22.5-, and 23.1-fold that of the control after exposure to the various Cd concentrations. These results suggest that OcHsp70 is induced in a dose-dependent manner. After a 6 h exposure, OcGrp78 was also activated by Cd, but no difference in OcGrp78 mRNA levels was found between the lower Cd concentration (2.7 mgÁkg ) compared with the control. OcHsp90 expression increased after Cd acute exposure, but no significant differences in expression were observed with increasing Cd concentrations. No difference in OcHsp40 expression was observed in the Cd-treated groups relative to the controls.
The effect of chronic cadmium exposure on OcHsps mRNA levels
The expression profiles of OcHsp70, OcGrp78, OcHsp90, and OcHsp40 after exposure to Cd for 48 days are shown in Fig 6. In our experiments, no significant numbers of insect deaths were observed for any treatment regimen. OcHsp70 expression significantly decreased following chronic Cd exposure compared with the control; however, no significant differences in OcHsp70 levels were observed among the various Cd concentrations. OcGrp78 mRNA levels first increased and then decreased with increasing Cd concentrations. OcHsp90 expression increased at a lower Cd concentration (2.6 mgÁkg -1 ) and decreased at a higher concentration (6.3 mgÁkg , but no significant difference was observed at the 2.6 mgÁkg -1 and 13.4 mgÁkg -1 Cd concentrations.
Discussion
In this study, four Hsp transcripts, Hsp70, Grp78, Hsp90, and Hsp40, were cloned from O. chinensis. As expected, the typical characteristics of Hsp70 family members were observed in the deduced amino acid sequences of OcHsp70 and OcGrp78. The "EEVD" motif located at the Cterminus of OcHsp70 indicates that this Hsp70 is a cytosolic homolog. The results of previous studies investigating the "GGMP" repeat located at the C-terminus indicate that HSP70 and HSP90 might form a chaperone complex [6] . However, OcHsp70 lacks this "GGMP" tetrapeptide repeat at the C-terminus. OcGrp78 possesses a conserved C-terminal sequence, "KDEL", which functions as an ER localization signal. In addition, the typical motifs of Hsp70 family members were also observed in OcHsp70. The presence of the consensus sequence "MEEVD" indicates that OcHsp90 is a cytosolic homolog [19] . Five Hsp90 family member domains and a conserved motif, "GXXGXG", in the OcHsp90 amino acid sequence suggest that OcHsp90 is functional and belongs to the Hsp90 family. The Hsp40 family has three distinct regions, the Jdomain (at the N-terminal, 74 amino acids), the G/F domain, and a third motif at the C-terminal end [19] [20] . These characteristic domains of Hsp40 family members are found in the N and C-termini of OcHsp40. The conserved "HPD" tripeptide at the DnaJ-N motif is critical for the chaperone function of Hsp40 family members [20] . Phylogenetic analysis suggests that the OcGrp78, OcHsp70, OcHsp90, and OcHsp40 amino acid sequences are closest to those obtained from Orthoptera insects. In the phylogenetic tree, OcGrp78 is closest to Grp78 in L. migratoria; this analysis also placed Grp78 in groups containing Hsc70-3 of other insects. Five different Hsc70 genes exist in Drosophila melanogaster; the encoded proteins are localized in the cytosol (Hsc70-1, Hsc70-2, and Hsc70-4), mitochondria (Hsc70-5), and endoplasmic reticulum (Hsc70-3) and have unique functions [21] .OcGrp78 might be a homologous gene of Hsc70-3; this finding has not been previously reported.
We then found that the four Hsp mRNAs are expressed in all tissues examined, possibly because OcGrp78, OcHsp70, OcHsp90, and OcHsp40 are essential for normal physiology and metabolism [22] [23] [24] [25] . Although these four Hsp genes are found in all of the studied tissues, we observed higher Hsp mRNA levels in the fat body, Malpighian tubule, and brain. This expression pattern was similar to that of the moth Spodoptera litura, in which Hsp70 and Hsp90 expression was highest in the fat body, followed by the cuticle and midgut [26] . However, this mRNA expression pattern differs from other insects such as the flesh fly Sarcophaga crassipalpis [27] , Lucilia sericata [28] , and Helicoverpa zea [29] , in which Hsp70 and Hsp90 expression is higher in the midgut than in other tissues. Our results suggest that the effects of metals on OcHsps are not specific to digestive tissue. Indeed, the higher expression in the brain and detoxification organs (fat body and Malpighian tubule) may reflect a greater ability of these tissues to respond to Cd exposure.
The mRNA expression of the four Hsp genes significantly varied during all developmental stages. OcGrp78 mRNA levels in the eggs and the 3rd instar nymphs did not significantly vary. Our results are consistent with those reported by Gonzalez-Gronow [30] . Previous studies have also illustrated that Grp78 is essential for cell growth and pluripotent cell survival. Developmental regulation of the Hsp70 and Hsp90 genes in various organisms has also been reported [2, 26, [31] [32] ; however, only a few studies have reported on the developmental regulation of Hsp40 in insects. In this study, OcHsp70, OcHsp90 and OcHsp40 expression significantly increased from the eggs to the 4th instar nymphs, which is consistent with findings in L. migratoria [2] . Our results are also similar to those in Manduca sexta, in which Hsp70 mRNA levels tend to increase during the larval period [32] . OcHsp70, OcHsp90, and OcHsp40 gene expression in 5th instar nymphs and adults was lower than that in 3rd and 4th instar nymphs. The expression pattern of OcHsp70 is consistent with that found in Drosophila, in which pupae and adults produce less Hsp70 than do young larvae [33] . Mahroof et al. (2005) reported that a significantly greater amount (33%) of Hsp70 is synthesized in young larvae compared with that in other developmental stages in the red flour beetle Tribolium castaneum [31] . However, Shu et al. (2011) found that the highest Hsp70 and Hsp90 levels were present in adults, with the lowest observed in the 5th instar larvae of Spodoptera litura [26] . These differences in insect Hsp mRNA expression among developmental stages may be related to the physiological features of the various insects. In O. chinensis, eggs with a strong egg sac protect the insect body from stress. Therefore, eggs may have lower Hsp mRNA levels than the instar nymphs and adults.
In addition to metallothionein (MT), Hsps have been suggested as potential biomarkers of metal contamination [26] . Previous studies have indicated that acute or sub-acute Cd can induce Hsp expression in insects [6, 10, 26, [34] [35] [36] . We found that OcHsp70, OcGrp78, OcHsp90 and OcHsp40 gene expression is induced by acute Cd exposure. Among the various Hsp isoforms, Hsp70 is often the prominent protein expressed under a variety of stress conditions [22, 36] . In the present study, the OcHsp70 gene was also the most sensitive gene under Cd acute exposure; this finding is consistent with previous reports in other insects [6, 36] . Grp78, as an ER chaperone, can be induced by Cd exposure. Organisms can increase the mRNA expression of ER chaperone proteins to improve the protein folding capacity of the ER and to resist ER stress caused by Cd exposure [37] . In our study, acute Cd exposure led to increased OcGrp78 expression. Another possible reasons for the increase in Grp78 expression is that it participates in the protein synthesis and folding process of MT or other related proteins. In Venerupis philippinarum, Hsp40 expression is first elevated and is then downregulated at 48 h in the lowest Cd concentration group [35] . In this study, the same expression pattern was observed for OcHsp40 mRNA. In contrast, in the aquatic midge Chironomus riparius, Hsp40 and Hsp90 gene expression remained unaltered from Cd treatment [36] . However, OcHsp90 expression was induced and reached a maximum level at 6 h. Clearly, changes in Hsp mRNA expression vary by magnitude, species, and duration, based on the level of Cd exposure.
Studies of the effects of chronic Cd exposure on Hsp genes are relatively few. Warchałowska-Śliwaa et al. (2005) found that the grasshopper Tetrix tenuicornis has decreased inducible Hsp70 levels after heavy metal exposure compared with the control [38] . Our results are consistent with this finding. We speculate that Cd accumulation in the body of insects may affect Hsp70 protein synthesis. The decrease of Hsp70 indicates that Hsp70 does not function in a protective role or alternatively, that insects exposed to chronic Cd have adapted to this environment and do not need to synthesize more Hsp70 protein [38] . OcGrp78 expression increased at lower Cd concentrations. Grp78 expression can be induced by intracellular Cd accumulation, and Grp78 may participate in the unfolded protein response (UPR) signaling pathway to address Cd-induced ER stress [39] . We speculate that decreased Grp78 expression may result from the inhibition of protein synthesis at the highest Cd concentration. Gao ) for 10-20 days [40] . Hsp90 expression is also induced in the oyster Crassostrea gigas after long-term Cd exposure [34] . In our study, OcHsp90 mRNA expression significantly increased at Cd concentrations of 2.6 mgÁkg -1 and 13.4 mgÁkg -1 ; however, OcHsp90 expression decreased after 6.3 mgÁkg -1 Cd exposure, which was not completely consistent with previous reports. At the concentration of 6.3 mgÁkg -1 Cd, OcHsp40 gene expression was induced. Hsp40 plays an essential role in protein metabolism by regulating the polypeptide binding and release cycle of Hsp70 [19] . The difference in expression pattern of these OcHsps may be due to a compensation effect among the Hsp genes. We speculate that the expression of certain Hsp genes is elevated to compensate for the loss of other Hsp genes under Cd stress.
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